In a study on the diversity of rhizobia isolated from root nodules of Astragalus sinicus, five strains showed identical 16S rRNA gene sequences. They were related most closely to the type strains of Mesorhizobium loti, Mesorhizobium shangrilense, Mesorhizobium ciceri and Mesorhizobium australicum, with sequence similarities of 99.6-99.8 %. A polyphasic approach, including 16S-23S intergenic spacer (IGS) RFLP, comparative sequence analysis of 16S rRNA, atpD, glnII and recA genes, DNA-DNA hybridization and phenotypic tests, clustered the five isolates into a coherent group distinct from all recognized Mesorhizobium species. Except for strain CCBAU 33446, from which no symbiotic gene was detected, the four remaining strains shared identical nifH and nodC gene sequences and nodulated with Astragalus sinicus. In addition, these five strains showed similar but different fingerprints in IGS-RFLP and BOX-repeat-based PCR, indicating that they were not clones of the same strain. They were also distinguished from recognized Mesorhizobium species by several phenotypic features and fatty acid profiles. Based upon all the results, we suggest that the five strains represent a novel species for which the name Mesorhizobium qingshengii sp. nov. is proposed. The type strain is CCBAU 33460 T (5CGMCC
In a study on the diversity of rhizobia isolated from root nodules of Astragalus sinicus, five strains showed identical 16S rRNA gene sequences. They were related most closely to the type strains of Mesorhizobium loti, Mesorhizobium shangrilense, Mesorhizobium ciceri and Mesorhizobium australicum, with sequence similarities of 99.6-99.8 %. A polyphasic approach, including 16S-23S intergenic spacer (IGS) RFLP, comparative sequence analysis of 16S rRNA, atpD, glnII and recA genes, DNA-DNA hybridization and phenotypic tests, clustered the five isolates into a coherent group distinct from all recognized Mesorhizobium species. Except for strain CCBAU 33446, from which no symbiotic gene was detected, the four remaining strains shared identical nifH and nodC gene sequences and nodulated with Astragalus sinicus. In addition, these five strains showed similar but different fingerprints in IGS-RFLP and BOX-repeat-based PCR, indicating that they were not clones of the same strain. They were also distinguished from recognized Mesorhizobium species by several phenotypic features and fatty acid profiles. Based upon all the results, we suggest that the five strains represent a novel species for which the name Mesorhizobium qingshengii sp. nov. is proposed. The type strain is CCBAU 33460 T (5CGMCC 1.12097 T 5LMG 26793 T 5HAMBI 3277 T ). The DNA G+C content of the type strain is 59.52 mol% (T m ).
Astragalus sinicus Linn. (Chinese milk vetch), an herbaceous legume originated in China, has been widely cultured as a traditional green manure in wintry fallow paddy fields in southern China and Japan. It is also used as a soil fertilizer and in repairing the soil environment, which in turn improves the quality and flavour of rice (Lin & Gu, 1998) . Although only Mesorhizobium huakuii has been described from the rhizobia of A. sinicus (Chen et al., 1991; Murooka et al., 1993; Jarvis et al., 1997; Nuswantara et al., 1999) , great diversity in the chromosomal genes has been revealed among the microsymbionts of this plant. In addition, the nodulation (nod) genes in the rhizobia of A. sinicus were found to be conserved (Murooka et al., 1993; Guo et al., 1999; Zhang et al., 2000) .
During a study of rhizobia nodulating A. sinicus in south-east China (encompassing four provinces), 232 bacterial isolates were isolated from root nodules collected in the fields by standard methods (Vincent, 1970) . All were classified within the genus Mesorhizobium based upon 16S rRNA gene sequence analysis (our unpublished data), with the methods described subsequently. Within these rhizobia, five isolates originating from Jiangxi province shared identical sequences of 16S rRNA genes and formed a unique lineage in a subcluster together with the type strains of Mesorhizobium loti, Mesorhizobium shangrilense, Mesorhizobium ciceri and (Fig. 1) . To clarify the taxonomic relationships of these five strains, a polyphasic approach was performed in this study. All the bacterial strains used in the present study were cultured in TY medium (tryptone, 5.0 g; yeast extract, 3.0 g; CaCl 2 , 0.6 g; pH 7.0-7.2) at 28 u C (except where indicated).
For 16S-23S intergenic spacer (IGS) RFLP, the IGS fragment was amplified with primer pair FGPS6/23S-38 and the PCR protocol of Rasolomampianina et al. (2005) . The genomic DNA extracted from each strain following the method of Terefework et al. (2001) was used as template. The amplified genes were digested with HaeIII, HhaI and MspI as specified by the manufacturer and the digested fragments were separated and visualized as described by Terefework et al. (2001) . The five strains showed five different patterns and were clustered as a group at 72 % similarity in the cluster analysis using the DICE coefficient and UPGMA method ( Fig. S1 available in IJSEM Online). They were further grouped at 60.6 % similarity with the type strains of Mesorhizobium caraganae, M. ciceri, M. loti, Mesorhizobium huakuii, Mesorhizobium temperatum and Mesorhizobium tianshanense.
Amplification of 16S rRNA, atpD, glnII and recA genes with primer sets P1/P6 (Tan et al., 1997) , atpD255F/atpD782R, recA41F/recA640R and glnII12F/glnII689R (Vinuesa et al., 2005) , respectively, was performed with the protocols originally described. Amplification of partial nifH and nodC genes was performed with primers nifH1F/nifH1R (Laguerre, et al., 2001 ) and nodC540/nodC1160 (Sarita et al., 2005) , respectively. All the amplified fragments were directly sequenced as described by Hurek et al. (1997) . The sequences were aligned with those of defined Mesorhizobium species using the CLUSTAL W program in the MEGA 5.0 software package (Kumar et al., 2008) . Unrooted trees were constructed with the neighbour-joining (NJ) method (Saitou & Nei, 1987) and Jukes-Cantor distance (Jukes & Cantor, 1969) , respectively, and were bootstrapped using 1000 replications (Felsenstein, 1985) . Maximum-likelihood (ML) trees were also constructed using the PhyML 3.0 program (Guindon & Gascuel, 2003) . The robustness of ML topologies was inferred by non-parametric bootstrap tests based on 100 pseudo-replicates of the data (Felsenstein, 1985) . The nucleotide substitution model was selected by Akaike's information criterion, as implemented in Modeltest 3.7 (Posada & Crandall, 1998) .
In the phylogenetic analysis based on 16S rRNA gene sequences (1270 nt), the phylogenetic topologies were similar in the ML tree ( Fig. 1 ) and in the NJ tree (not shown). The gene sequences of the five tested strains were identical, and shared similarities of 99.8-99.6 % with those of the type strains of M. loti, M. shangrilense, M. ciceri and M. australicum. They shared 96.4-98.7 % sequence similarity with the type strains of the 20 other recognized Mesorhizobium species (Table S1 ).
Multilocus sequence analysis is a reliable method for rhizobial species or genospecies description (Vinuesa et al. 2005; Sahgal & Johri, 2006; Rivas et al., 2009) . The results of phylogenetic analyses with the combined sequences of the atpD, glnII and recA genes were similar in the ML and NJ trees. In the ML tree ( Fig. S2 ), the strains of the novel group comprised a distinct lineage in the genus Mesorhizobium, clearly separated from all defined species. Similarities of the combined sequences were 97.2-100 % among the five novel strains (Table S1 ). Meanwhile, they showed highest similarities of 94.7 and 93.3 % with M. ciceri LMG 14989 T and Mesorhizobium opportunistum LMG 24607 T , respectively. Similarities between the novel strains and the type strains of other Mesorhizobium species ranged between 92.9 and 87.5 % (Table S1 ). These data confirmed the relationships of the phylogeny of the 16S rRNA gene, implying that the five novel strains represented a potential novel species, according to the suggested threshold for Bradyrhizobium species (Rivas et al., 2009 ).
The symbiotic genes nifH and nodC are commonly analysed for the description of novel rhizobial species. The results in the present study showed that four of the five tested strains had identical nodC or nifH genes (Figs S3 and S4). The nodC (346 nt) and nifH (485 nt) genes of the novel strains shared 70.4-83.2 and 89.9-96.8 % similarity, respectively (Table S1) , with those of the type strains of recognized Mesorhizobium species. The type strains of M. huakuii, Mesorhizobium metallidurans and Mesorhizobium thiogangeticum were not included because they do not have these genes (Ghosh & Roy, 2006) . In the phylogeny of nodC genes, the four novel strains shared identical sequences with 7653R (AJ249393) originating from A. sinicus (Zhang et al., 2000) . It confirmed that the common nodulation genes of A. sinicus rhizobia were conserved despite the chromosomal divergence. In this study, amplification of the nifH and nodC genes failed for strain CCBAU 33446, suggesting the deletion or mutation of these genes or the existence of quite different nodulation or nitrogen-fixation genes in the strain, as mentioned in other cases (Dénarié et al., 1996) . However, this difference does not modify its species definition.
Nodulation and nitrogen-fixation abilities and host ranges are important features for symbiotic rhizobial species. In this study, cross nodulation tests were performed in Leonard jars filled with vermiculite moistened with N-free solution (Vincent, 1970) . Except strain CCBAU 33446, the remaining four strains were able to nodulate with A. sinicus and occasionally with Astragalus adsurgens (four of the 10 plant replications nodulated) under laboratory conditions. None of the five strains was able to nodulate with Cicer arietinum, Lotus corniculatus, Arachis hypogaea, Glycine max, Trifolium repens, Pisum sativum or Medicago sativa.
As a standard method for species definition (Wayne et al., 1987; Graham et al., 1991; Tindall et al., 2010) , DNA-DNA hybridization was performed in this study, using strain CCBAU 33460 T as reference. Total DNA isolation and the renaturation-rate technology were used according to the methods of Marmur (1961) and De Ley et al. (1970) , respectively. All hybridizations were performed in triplicate. The level of DNA-DNA relatedness between strain CCBAU 33460 T and the other four strains in the novel group varied between 82.03 and 93.49 % (Table S1 ). The data for strain CCBAU 33460
T and the type strains of 12 related Mesorhizobium species were in the range 21.54-41.41 % (Table S1 ). These data demonstrated that the novel strains formed a distinctive genospecies according to the suggested species threshold (70 % DNA-DNA relatedness) (Wayne et al., 1987) . The DNA G+C content, measured with the thermal denaturation method (De Ley et al., 1970) , was 59.5-62.2 mol% for the five novel strains (Table  S1 ), within the range of Mesorhizobium members (59-64 mol%) (Jarvis et al., 1997) .
To estimate the genetic diversity in the novel group, Box-PCR fingerprinting was performed for the five tested strains in comparison with reference strains of defined Mesorhizobium species, as described by Versalovic et al. (1994) . Four distinctive patterns were observed in the five novel strains which were different from those of the reference strains (Fig. S5) . Although identical Box-PCR patterns were obtained from strains CCBAU 33431 and CCBAU 33455, they could be distinguished from each other based on 16S-23S IGS-RFLP profiles (Fig. S1 ) and sequence discrepancy in the glnII and aptD genes (Fig. S2) . Therefore, the five strains were not clones. The strains were grown to the late-exponential phase on YM medium (Vincent, 1970) at 28 u C. Fatty acid methyl esters were prepared and separated according to Sasser (1990) were common to all the tested strains (Table S2) T based on levels of C 19 : 0 cyclo v8c (3.61, 14.57, 17.81 and 20.00 %, respectively). These results indicated that the fatty acid compositions can be used to distinguish strain CCBAU 33460
T from closely related species. Carbon source utilization D-Arabinose, D-galactose The respiratory quinone, determined by HPLC as described by Lee et al. (2001) , was Q-10 in strain CCBAU 33460 T and the five reference strains mentioned above. The analysis of polar lipids with two-dimensional TLC (Minnikin et al., 1984) failed for M. tarimense CCBAU 83306
T because of the difficulty in extracting enough sample. Diphosphatidylglycerol (DPG), phosphatidylglycerol (PG), phosphatidylethanolamine (PE) and phosphatidylcholine (PC) were the major phospholipids of the analysed strains (Table S3 , Fig. S6 ), similar to the data for recognized Mesorhizobium species (Choma & Komaniecka, 2002) and for Bradyrhizobium species (Wang et al., 2013) . The major polar lipids of Mesorhizobium strains were very similar in this study, only quantitative differences being observed. In addition, type and content differences in minor unknown polar lipids were detected in all the tested strains. An ornithine-containing lipid (OL) was not identified in this study although it was reported to be present in several Mesorhizobium species (Choma & Komaniecka, 2002 . This compound is normally synthesized by bacteria grown in medium deficient in phosphate.
The phenotypic features of the five novel strains were determined according to the method described by Smibert & Krieg (1994 (Han et al., 2008) were also included. We tested features the utilization of sole carbon and nitrogen sources, resistance to antibiotics, tolerance of NaCl, and pH and temperature ranges for growth. Biochemical tests, including activities of catalase, urease and nitrate reductase and reaction in litmus milk, were also performed. Distinctive features between the novel group and closely related reference strains are shown in Table 1 and additional features are reported in the species description below.
The results of the present study demonstrate that the five strains represent a novel species of the genus Mesorhizobium, for which we propose the name Mesorhizobium qingshengii sp. nov.
Description of Mesorhizobium qingshengii sp. nov.
Mesorhizobium qingshengii (qing.sheng9i.i. N.L. gen. masc. n. qingshengii in honour of Dr Qing-Sheng Fan, a respected soil microbiological scientist, and one of the first microbiologists to study rhizobia isolated from Astragalus sinicus in China).
Cells are Gram-negative, aerobic, non-spore-forming rods of 0.38-0.5260.75-2.12 mm. Colonies on YMA medium are circular, convex and translucent, and have a diameter of 1-2 mm within 3-4 days at 28 u C. Generation times are 5-7 h in YM broth. The pH range for growth is 5.5-9.0, with optimum growth at pH 7.0. Growth occurs between 10 and 35 u C, with optimum growth at 28 u C. Growth occurs in medium separately supplied with 1 % (w/v) NaCl, 0.1 % sodium deoxycholate, Congo red or Bismarck brown, and in nutrient broth. Unable to grow in medium supplied separately with 0.1 % bromothymol blue, acridine hydrochloride, methylene blue, methyl green, neutral red, gentian violet or sodium nitrite. Acid reaction in litmus milk. Positive for urease and catalase. In addition to the carbon and nitrogen sources listed in Table 1 , also utilizes D-fructose, D-galactose, D-glucose, maltose, D-mannose, melibiose, inositol, mycose and sucrose as sole carbon source, but not adipic acid, D-amygdalin, raffinose, DLasparagine, L-methionine, soluble starch, syringic acid or sodium tartrate as a sole carbon source. Unable to utilize Lcystine or L-methionine as sole nitrogen sources. Can also be distinguished from recognized Mesorhizobium species by housekeeping genes and by DNA-DNA hybridization (Table S1 ). More distinguishing features are presented in Tables S2 and S3 ) bacitracin (300), chloramphenicol (5), erythromycin (300), neomycin sulfate (5) and streptomycin (300).
